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Abstract. The domain-filling, forward trajectory calculation 1 Introduction

model developed by Schoeberl and Dessler (2011) is used

to further investigate processes that produce upper tropoA broad understanding of the stratospheric circulation began
spheric and lower stratospheric water vapor anomalies. Wé@ver 60 years ago with the publication of Brewer's seminal
examine the pathways parcels take from the base of the tropPaper (Brewer, 1949). In order to account for the dryness of
ical tropopause layer (TTL) to the lower stratosphere. Mostthe stratosphere, Brewer noted that air must have entered the
parcels found in the lower stratosphere arise from East Asiastratosphere through the extremely cold tropical tropopause.
the Tropical West Pacific (TWP) and Central/South America.Mass conservation requires that this tropical upward circula-
The beltof TTL parce| Origins is very wide Compared to the tion have descending branches in the extra-tropics. Newell
final dehydration zones near the top of the TTL. This is due toand Gould-Stewart (1981), again using stratospheric wa-
the convergence of rising air due to the stronger diabatic heatter vapor observations and tropopause temperature measure-
ing near the tropopause relative to levels above and belownents, refined this idea by suggesting that most of the air
The observed water vapor anomalies — both wet and dry Le€aching the stratosphere was moving upward through the
correspond to regions where parcels have minimal displacevery coldest part of the tropical tropopause, the winter Trop-
ment from their initialization. These minimum displacement ical West Pacific (TWP), a region they termed the “strato-
regions include the winter TWP and the Asian and Americanspheric fountain”. Subsequent measurements of tropospheric
monsoons. To better understand the stratospheric water vapdiece gases suggest that the winter tropical west Pacific is
concentration we introduce the water vapor spectrum and inthe primary locus of air entering the stratosphere during Bo-
vestigate the source of the wettest and driest components dgal winter. On the other hand satellite observations during
the spectrum. We find that the driest air parcels originate beboreal summer have identified the summer Asian monsoon
low the TWP, moving upward to dehydrate in the TWP cold @s another possible region for tropospheric air to enter the
upper troposphere. The wettest air parcels originate at th&tratosphere (Randel, 2010; Bergman et al., 2013). Sherwood
edges of the TWP as well as in the summer American andnd Dessler (2000) defined the Tropical Tropopause Layer
Asian monsoons. The wet air parcels are important since the¢T TL), & transition layer between the troposphere and strato-
skew the mean stratospheric water vapor distribution towarcdsphere extending from the level of zero net-radiative heating
higher values. Both TWP cold temperatures that produce drnf~13-14km, 355-360K potential temperature) to the high-

parcels as well as extra-TWP processes that control the west level that convection reaches18-19 km, 380-400 K).
parce|s determine Stratospheric water vapor. The TTL is sometimes referred to as the “tape—head for the

water vapor tape recorder” because tape recorder signals gets
stronger with altitude through the TTL (Gettelman et al.,
2010).
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Fig. 1. Heating rates and temperatures from MERRA averaged from 1979-01Q7 km map of heating rates for Boreal winter (DJF)

with temperatures (black contours). Thin orange line is the zero heating cofithulsummer (JJA)(c) the zonal mean heating rate and
temperatures (black contours) and potential temperatures (white). Dashed line shows the zonal mean tropopause. Black dots illustrate the
parcel forcing position used in the modgl), summer. The color bar next to the right hand figures indicates the heating rate range inlK day

from —0.8 to 0.6 K day 1.

Convective detrainment is the primary mechanism bybution show that most parcels complete the dehydration pro-
which pollutants from the lower troposphere are depositedcess in the Tropical West Pacific (TWP), as originally the-
into the TTL (Fueglistaler et al., 2009). The TTL base is the orized by Newell and Gould-Stewart (1981). This does not
primary zone of convective detrainment, although convec-mean the parcels are entering stratosphere in the same re-
tive detrainment continues above the base of the TTL withgion. In fact, parcel dehydration and the process of entering
decreasing frequency (Dessler, 2002; Zipser, 2006). From ¢he stratosphere are different processes that occur on differ-
Lagrangian perspective, once air parcels reach the TTL, thegnt timescales and in different locations, as we show below.
move upward due to positive net radiative heating rates. As Below (Sect. 2) we first describe the model set up and the
these parcels ascend towards the tropopause, they encountarservations that motivate this analysis. Section 3 shows the
colder temperatures. When the parcel’s relative humidity ex+esults of our simulations, our estimates of parcel displace-
ceeds some threshold value, ice forms (Jensen et al., 1998)ent from initial forcing regions, sources of wet and dry air,
and is gravitationally removed dehydrating the air parcels.and we introduce the water vapor spectrum. Section 4 sum-
Above the tropopause, temperatures increase and no furth@narizes our research and ends with conclusions.
dehydration occurs.

Thus, parcel water vapor concentration is primarily deter-
mined by the minimum parcel path temperature (e.g. Mote2 Model and observations
et al., 1996; Holton and Gettelman, 2001; Gettelman et al.,

2002; Fueglistaler et al., 2005, 2009; Liu et al., 2010). We2-1 Reanalysis datasets and model set up

refer to the point on the parcel path that fixes the water h its sh i thi ; he f dd i
vapor concentration as the final dehydration point (FDP), 1 € results shown in this paper are from the forward domain

which is sometimes called the Lagrangian dry point (Liu et filling diabatic trajectory model describgd in SD2011 and in
al., 2010) and it is closely related to the Lagrangian coldS¢0eberl et al. (2012) (S2012). In this study, we use 6-h
point (Fueglistaler et al., 2005). As found by Schoeberl and'Vind: temperature and heating rate analyses from NASAS

Dessler (2011, hereafter SD2011), maps of the FDP distri-MO_dem'Era Retros_pective Analysis for Research and_ Appli-
cation (MERRA, Rienecker et al., 2011), NOAAs Climate
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Forecast System Reanalysis (CFSR, Saha et al., 2010) and co-located with the Aleutian anticyclone (Boville, 1960).
ECMWF's ERA Interim reanalysis (ERAI, Dee et al., 2011) All three analyses show that the coldest upper tropospheric
to drive the model. These three reanalyses are described aricbpical temperatures are roughly co-located with the peaks
compared in more detail attp://reanalyses.org/atmosphere/ in heating.
comparison-tableThe net diabatic heating rates include all  In contrast to DJF, JJA (Fig. 1b) shows the strongest heat-
physical processes in the model, such as the radiative effeciag over the Asian monsoon region extending to the Near
of gases and clouds, latent heating, and turbulent heatingzast through the Mediterranean, but overall less heating than
Forward domain-filling for this study works as follows: Ev- in DJF. Smaller heating regions are present east of Central
ery six hours, corresponding to an analysis time, we use @merica and northern Australia. The coldest time mean sum-
random number generator to initialize 550 parcels randomlymer TTL temperatures are over the Asian monsoon at about
distributed from 0-360 longitude and £69 latitude. For ~ ~193K, but in winter the coldest time-mean TWP tempera-
each parcel, the initialization level is chosen to be above thdure is~188 K. The ice saturation mixing ratio difference for
local zero diabatic heating level, but not lower than 360 K po-these two temperatures is almost 2.5 ppmv given the same
tential temperature or above the tropopause. Our tropopaugeressure level. The zonal mean heating rate for summer and
is determined from the analyses to be the lowest of thewinter (Fig. 1c and d, respectively) shows that the heating
following in an atmospheric profile: the cold point, the — rate is stronger in winter over a broader latitudinal extent than
2 Kkm~1 lapse rate (the WMO definition), or the 380K sur- in summer. The black dots in Fig. 1c and d show the parcels’
face. This means that in the Asian monsoon region, parcelitialization level.
would be initiated at about 370K since the level of zero net
heating is higher there. 2.2 Observations

After initialization, the parcels move upward into the
stratosphere, filling the stratospheric domain. GenerallyMost of our comparisons will be with Aura Microwave Limb
parcels move downward at extra tropical latitudes and thos&ounder (MLS) measurements (Read et al., 2007) made be-
moving below 250 hPa are removed — we assume they haveveen 2005 and 2010. In S2012 we showed that MERRA and
re-entered the troposphere. Parcels are initiated with 50 ppmCFSR are in good agreement with Singapore sondes, while
(parts per million by volume) of water vapor, and we dehy- ERAI is cold biased. Even a small bias in reanalysis tem-
drate parcels to saturation when the relative humidity exceedperatures can produce a significant shift in water vapor con-
a predetermined threshold — in this paper, 100%. We use&entration (e.g. Randel et al., 2004, S2012) and we see this
the saturation over ice temperature — water vapor relationin our model simulations — ERAI’s stratosphere is relatively
ship described in Murphy and Koop (2005). As with most dry compared to observations and the other models.
trajectory models of this type we assume that when satura-
tion is reached the excess water vapor is instantly remove@.3 Water vapor simulations
to limit relative humidity to 100 %. In addition to water va-
por, we carry the methane (GHconcentration for each par- Before we explore the various parcel pathways, it is useful
cel. Methane is oxidized in the stratosphere and the resultingo verify the quality of the simulations as compared to MLS
water is added to the parcel, as described in SD2011. Troebservations. Figure 2 shows the water vapor patterns at 100
pospheric methane initial values are increased linearly fromand 83 hPa~+{16 and~17.5km) from the five-year winter
1.54 ppmvin 1979 to 1.8 ppmv in 2010. The oxidation rate of (DJF) and summer (JJA) averages for the MLS and the three
methane is interpolated from a two-dimensional stratosphericeanalyses discussed in SD2012 and above. The model fields
chemistry model (Fleming et al., 2007) onto parcel locations.are adjusted so that the model zonal mean is the same as

While the model can include simple parameterization forthe MLS zonal mean. First, we note that the three summer
the effects of gravity waves and convection, as well as allow-and winter reanalyses water vapor distributions are consis-
ing for super-saturation (see SD2011), for these experimenttent with MLS and with each other. During DJF, the low-
we turn off all the parameterizations. Including these addi-est mixing ratios occur over the TWP with dry features over
tional processes does not affect our results. Africa and Central/South America at 100 hPa. Higher up, the

In a diabatic trajectory model, the net diabatic heating rateTWP low water vapor feature has spread across the tropics to
controls vertical transport. Figure 1 shows the time mean Bo+the Indian Ocean and Africa. The bands of high water vapor
real winter (DJF — December, January, February) and sumat higher latitudes are due to methane-enhanced water vapor
mer (JJA — June, July, August) upper tropical tropospheredescending from the mid-stratosphere.
temperatures and heating rate fields at a log-pressure height The summer (JJA) 100 hPa model fields show water vapor
of 17km (~90 hPa). In DJF (Fig. 1a), the strongest heatingenhancements over the Asian monsoon and Central/ South
occurs in the west Pacific region, split across the equatoAmerica associated with monsoonal circulations. The mod-
with one zone east of the Philippines and second spread ovegls also show a dry feature over the Indian Ocean that extends
northern Australia. Secondary heating zones occur over Ceninto the West Pacific. This dry feature is not as evident in
tral and western South America. The strongest cooling zoneMLS data; MLS observes the feature further east. At 83 hPa
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Fig. 2. Water vapor fields for winter at 100 hPa-d) and 83 hPde—h), and summer 100 hRa-l) and 83 hPgm—p). The plots show 2005—
2010 five year averages of MLS and the models using the reanalyses indicated in each of the panels. The zonal mean water vapor fields ar

normalized to the zonal mean MLS field shown in the upper left of each quad-plot by multiplying by the zonal mean water vapor ratios at
each latitude.

the water vapor feature over the Asian monsoon has enlarge®.4 Parcel displacement in the TTL
while the Central/ South American feature is weaker. The
Indian Ocean tropical dry feature has vanished. The AsiarHolton and Gettelman (2001) noted that parcels moving up-
monsoon wet anomaly extends into the near east, and followsvard from the lower TTL into the stratosphere might travel
the heating zone shown in Fig. 1b. long horizontal distances within the TTL. Trajectory calcula-
The relatively good agreement between the MLS watertions by Fueglistaler et al. (2004) (hereafter F2004) showed
vapor features and the model give us confidence that thé¢hat the distances traveled could be tens of thousand of kilo-
model can be used to further understand water vapor anomaneters between 350 K and the dehydration point.
lies in the upper troposphere. Dessler and Sherwood (2004) Following the approach of F2004 we can compute the dis-
argued that the monsoonal high water vapor features are rg¢ance between the parcel initiation and the point at which a
lated to convection. Our model, however, does not includeparcel crosses the 370K and 380K surfaces — we refer to
convective moistening, so this indicates that a model includ-this distance as the displacement. The 370K and 380K sur-
ing only slow radiative ascent can also accurately simulatefaces bracket the coldest regions of the TTL and thus contain
these features. Although convective moistening is requirednost of the final dehydration points. The 380K surface is
to explain the observed concentration of HDO in the strato-approximately the base of the stratosphere in the tropics. In
sphere (Dessler et al., 2007), with the MERRA analysis theFig. 3 we show the gridded average displacement initialized
warmer tropopause in the monsoon leads to higher water vegparcels move before they cross the 370 K and 380 K surfaces
por concentration so convective moistening is not required. for winter and summer seasons.
For winter the period, Fig. 3a and b show that there is very
little displacement of parcels from 360 to 370 K over a region
stretching from the Africa to the TWP, and South America.

Atmos. Chem. Phys., 13, 7783793 2013 www.atmos-chem-phys.net/13/7783/2013/
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Fig. 3. The average displacement for parcels originating 360 K reaching the 370 K and 380K leve{a), DJF for 360 to 370 K; paitb)
DJF for 360 to 380 K; partc) JJA for 360 to 370 K, an@d) JJA for 360 to 380 K. Displacement distances range from 5 to 12 thousand km.
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Stratospheric Water Vapor Distribution ing little displacement. The strong diabatic heating in the
el T B TWP moves the air parcels rapidly up through this region.
| CSFR ] North of the TWP, the westerly subtropical jet moves parcels
0.04F e o MER 3 rapidly, thereby producing a large displacement. East of the

TWP, a similar high-pressure system also develops over the
South American cold pool. The polar jet dips equatorward
between the TWP and South American system, creating a
E high-displacement zone in the East Pacific. The lowest dis-
3 placement features — centered on the cold pools — correspond
3 to the lowest winter water vapor anomalies shown in Fig. 2.
3 During summer, the tropical Pacific winds are weaker and
E air ascends to 370K and 380 K without much displacement.
] In contrast to winter, the lowest displacement features corre-
000k’ T ] spond to high water vapor features seen in Fig. 2. The sum-
0 2 R 6 8 10 mer high-pressure system over the Asian monsoon region
shows low displacement, and this low displacement feature
Fig. 4. PDF of water vapor concentration for parcels in the strato- extends up through 370K to 380 K. Bergman et al. (2013)
sphere. The PDF distribution is normalized by the total number ofhas noted the almost complete isolation of the air within the
stratospheric parcels, bin size is 0.1ppmv. The vertical lines in-Asian monsoon high-pressure system; back trajectories initi-
dicate the megn value. ERAI is sy§tematica||y drier and noted inated within the upper troposphere anticyc'one ascend almost
S2012. Solid lines, CFSR; dotted lines, MERRA, and the dashedyjrectly from surface. The high water vapor anomalies over
line ERAI (labeled ERA in figure). Central/South America also corresponds to a low displace-
ment region but this displacement feature is not as dramatic
at 380 K.
Above 370K, the displacement is larger especially over the  The colocation of low displacement features and water va-

Eastern Pacific. The TWP upper troposphere consists of gor anomalies makes sense in that low displacement regions
cold pool dominated by a high pressure system (required by

hydrostatic balance) in which air circulates around produc-
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Summer MER 20090702 MERRA Stratospheric Parcel Origin — All Seasons
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Fig. 5. Water vapor histogram using parcel age vs. water amount
for the entire model domain above 18 km. The seasonal oscillation
in water vapor distribution is evident. As parcels age they may exit

the stratosphere leading fewer parcels in the upper part of the plot.
Units number of parcels per bin, 0.1 ppmv bin size for water; 0.05

year bin size for age.

ppm

are isolated so that their water vapor signatures are not di-
luted by mixing with surrounding air.

2.5 Water vapor spectrum Fig. 6. Joint PDF of MERRA starting locations of parcels that as-
cended into the stratosphere vs. final water vapor values. Top, lati-
In order to further understand how water vapor is controlledtude vs. water vapor; bottom, longitude vs. water vapor. The color
within the stratosphere, we introduce the water vapor speCScheme and color barg refer_enced as in Fig. 1. The color ind_icates
trum. The water vapor spectrum is analogous to the ageghe num_ber_ of parcels in a bin showing where the concentration of
spectrum (Waugh and Hall, 2002) — it is the probability distri- parcels is highest.
bution function (PDF) of water vapor concentration of strato-
spheric parcels and it follows from the ideas introduced by
age-of-air studies (Schoeberl et al., 2000; Waugh and Hallstratosphere determines the parcel’'s water vapor concentra-
2002). We define an “air sample” as a spatial region containtion, and the time it takes to travel the path determines the
ing a number of parcels with different ages and water va-parcel age. This information is useful in understanding wa-
por concentrations. The sample age and water vapor amounér vapor as well as understanding how short-lived ozone
are the ensemble average of parcel age and water vapor, rdepleting substances might gain entry into the stratosphere
spectively. The temperature along the parcel path into thgSalawitch et al., 2005; Levine et al., 2007).
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MERRA Stratospheric Parcel Origin — All S

e ]
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Fig. 7. Statistical results for parcels that end up in the stratosplt@)yeDensity of origin points at the 360K leveb), density of final
dehydration locations(c), the average mixing ratio at the final dehydration point in pga), annual average heating rate at 17 km in
Kday ! (as in Fig. 1).

Figure 4 shows the stratospheric water vapor spectrum Figure 6 shows the distribution of parcel initialization lo-
for the three reanalyses. All parcels above 380K are con<ations vs. water vapor amount in the stratosphere (parcels at
sidered, and water from methane oxidation is not includedaltitudes greater than 380 K) for all seasons. Figure 6a shows
since we are focusing on the tropopause dehydration procedhat the wettest parcels originate at relatively higher latitudes
and the addition of water from oxidized methane would dis-with the mean concentration nearly symmetric around a point
tort the distribution providing enhancing parcels that havejust north of the equator. This is consistent with the tempera-
reached higher altitudes. The distribution shown in Fig. 4ture distributions in Fig. 1, namely that the region with high-
is fairly broad with values ranging from 0.5 to 9 ppmv and est temperature and net positive heating are at the edge of the
skewed toward higher values in all three cases. The skewettopics.
distribution weights the mean toward a higher concentration Figure 6b shows the longitude distribution and it reveals
than the mode (distribution peak). This means that the wettetwo major source regions — the TWP and the Americas.
air parcels are driving stratospheric water vapor distributionThese source regions are generally of higher heating rates
away from the most frequently observed parcels — which, asn the TTL (Fig. 1). There is also the faint signature of Africa
noted below, come through the TWP region. as a minor source region.

The overall ERAI dry bias (due to a colder upper tropo-
sphere, S2012) is evident in Fig. 4, even though the shap@.6 Transport patterns
of the distribution is basically the same as the other analy-
ses. Given the similarity in the distributions and water va- Fueglistaler et al. (2004) showed that transport through the
por anomaly fields, we will focus on MERRA for the rest tropical west Pacific dominated transport from the tropo-
of the paper. Figure 5 shows a two-dimensional histogramsphere to the stratosphere. Our calculations show similar
of the MERRA water-vapor spectrum vs. age (the time sinceresults. Figure 7a shows the spatial density distribution of
the parcel was initialized). The oscillation of the water vapor parcels originating at-360 K that end up in the stratosphere.
field as a function of season is evident and consistent withThis map can be visually compared to the final dehydration
warmer tropopause temperatures in summer vs. winter. Thignap (Fig. 7b). Overall the two maps are similar; the spa-
figure is basically the water vapor tape recorder without mix-tial correlation is~0.7. Although we agree with F2004 that
ing (Mote et al., 1996). most of the air moving into the stratosphere is from the TWP,

we also find that South America and Africa are significant
source regions. This correlation between Fig. 7a and b is

www.atmos-chem-phys.net/13/7783/2013/ Atmos. Chem. Phys., 13, 77833 2013
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MERRA Stratospheric Parcel Origin — Winter heating is in the TWP in zones north and south of the equa-
0.0006 tor. The location of these ascent regions convolved with the
temperature field gives rise to the FDP picture in Fig. 7b.

Figure 8 shows the seasonal dependency of the origin of
parcels that reach the stratosphere. During winter (DJF) the
dominant region is the equatorial west Pacific and Indian
Ocean region. During the summer period, the parcel sources
are predominately over the West Pacific and the ITCZ belt
across the Pacific and Atlantic. Somewhat surprisingly, the
Indian and North American monsoons do not appear as dom-
inant features — even with strong heating in the monsoon re-
gions (Fig. 1), the monsoons do not appear to be major path-
ways into the stratosphere despite their distinct appearance
in 100 hPa water vapor maps (Fig. 2) and in the displacement
map (Fig. 3). The large positive heating rates over monsoon
0.0005 region drives parcels strongly upward, but because of the
smaller area of this region, the monsoons are not as important
an origin regions compared to the deeper tropics. ERAI and
CFSR show similar results compared to MERRA. However,
because of the higher water vapor due to the monsoons, those
regions contribute disproportionately to the stratospheric wa-
ter vapor.

The reason that the tropical belt of parcel sources is so
broad compared to the density of FDP points is that the
strong heating at the tropopause accelerates the air upward
and forces convergence below and divergence above the
tropopause. Thus, parcels well outside the location of the
0 tropopause cold pools can be drawn into their stronger heat-

ing region near the equator — over the TWP or Central Amer-

Fig. 8. Seasonal maps for TTL parcels that end up in the strato-ica or the Asian summer monsoon. This means it is possi-

sphere (parcel originfa), Density map for 360 K parcels initiated ble that pollution detrained by convection or rising into the

during winter (DJF)(b), summer (JJA). lower half of the TTL, but outside the TWP or other entry
zones, can move into the stratosphere, as noted by Hosking
etal. (2012).

not surprising since the coldest regions of the TTL will also

be the zones with strongest diabatic heating and provide th@.7 Sources of wet and dry parcels

greatest opportunity for air parcels to enter the stratosphere.

The major difference between the FDP and origin maps idt is evident from the water vapor distributions (Fig. 2) that

that more parcels are originating on the edge of the tropicghe wettest and driest parcels are experiencing different tem-

than one would assume simply by looking at the FDP plot.perature histories as well. From Figs. 6a and 7c, and as noted

This means that there is a wider zone for pollutants to enteabove, the wettest parcels appear to originate at the edge of

the stratosphere than might be assumed from the FDP patteithe tropics and in the low displacement zones associated with

alone. the monsoon (Fig. 3) while the driest parcels arise near win-

Figure 7c shows the mixing ratio of water vapor at the fi- ter TWP. Maps of where the wettest and driest parcels orig-
nal dehydration points, which can be compared to Fig. 4 ofinate at 360K (Fig. 9) bear this supposition out. The driest
F2004. Figure 7c shows that the wettest parcels are arrivingparcels originate deep within the tropics whereas the wettest
from the edges of the tropics and the longitudes outside of thgarcels are more dispersed. Evidence of the monsoon influ-
TWP, which F2004 noted as well. This also is seen in Fig. 6a.ence appears in Fig. 9b with enhancements over India and
As an aside, Fig. 7c shows the effect of polar stratosphericCentral America. Over India, the monsoon anticyclone in the
dehydration of parcels (SD2011). Antarctic dehydration con-upper troposphere pulls parcels from southern India around
tributes to the systematically lower southern hemisphere wathe anticyclone into the cold pool (Fig. 1b) where final de-
ter vapor concentration as observed by the MLS (SD2011hydration occurs (Fig. 9d). In this region and over Central
and HALOE (Rosenlof et al., 1997). As a reference, we showAmerica, the tropopause is warmer than the TWPBK,
in Fig. 7d the 17 km annual average heating rate and tempeiso parcels following this path will experience less dehydra-
atures (similar to Fig. 1 but annual average). The strongestion and produce higher water vapor anomalies.

normalized parcel density

normalized parcel density

Atmos. Chem. Phys., 13, 7783793 2013 www.atmos-chem-phys.net/13/7783/2013/
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normalized parcel density

Fig. 9. 360K parcel density maps of d(p) and wet(b) parcels in the stratosphere and FDP density maps of the ¢r)emtd wettestd)
air. Wettest parcels (5.5-10 ppmv) are about 10 % of the total number of parcels; driest (0-2.6 ppmv) are about 14 %.

3 Summary and conclusions tropopause causes air to converge into the cold TWP region
with divergence in the stratosphere above. Compared with
the parcels at the tropical cold core, parcels at the edge of

Using the forward domain filling trajectory model (SD2011 the tropical core experience warmer temperatures and weaker

and S2012), we have investigated the processes that prgreating rates. Fewer of these less dehydrated parcels enter

duce anomalies in the water vapor field. Our trajectory par-the stratosphere, but they skew the water vapor spectrum to-
cel statistics allow us to calculate the water vapor SpeCard h|gher mean values. A|ong the equator, the TWP local

trum (analogous to the age-spectrum — a PDF of watefmaximum in the heating rate causes more parcels to preferen-
vapor concentration, Fig. 4), which shows strong seasonafially ascend in the TWP where temperatures are colder, thus
variations (Fig. 5) due to the variations in tropopause tem-the predominance of FDPs near the TWP cold core. How-

perature which is the process that produces the water vaever, since the heating rate is positive throughout the tropics,
por tape recorder. The spectrum can be linked to pathwayparcels can still ascend into the stratosphere outside the TWP
parcels take into the stratosphere. The final dehydration OCregion |eading to the popu|ation of wetter parce|s ascending

curs mostly in a narrow region across the West Pacific, howpyer South America, for example.

ever the air parcels that end up in the stratosphere originate Qur results suggest that it is important to understand what

over amuch wider area inside the TTL Driest air parcels Orig-contro|s both the wet and dry parcels. A decrease in TWP

inate in the core of the TWP whereas the wettest parcels origtemperatures would shift the stratospheric water vapor con-
inate at the edges of the TWP and South America in wintercentration lower, while an increase in wet parcel concentra-
as well as the monsoons in summer (also noted by F2004). tion, parcels that enter the stratosphere outside of the TWP,

We call the distance that parcels move from their ini- would have the effect in increasing stratospheric water. Cen-
tialization point the displacement. Displacement from ini- tral and South America consistently appear as zones of entry
tialization to 370K and 380K shows regional preferencesfor wetter air parcels.

of parcels with little movements. These include the winter The understanding that there are a Variety of zones from
TWP and summer Asian and American monsoon. The low-which parcels move into the stratosphere even with mixing
displacement regions correspond to locations of high and lowatios well above the mean (see Fig. 3) suggests that there are
water vapor anomalies. The anomalies occur because air igiore opportunities for polluted air to enter the stratosphere

isolated in the low-displacement zones. than just the TWP or the Asian monsoon region.
Figure 10 summarizes the view of winter air parcel pro-

cessing implied by our results. The strong heating near the
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